tion is very sensitive to light and slows considerably in the presence of light.
Introduction
; Romero Light triggers a large number of developmental processes in et al., 1991a, b; Romero and Lam, 1993) . Recently, plants. One of the photoreceptors that perceives the phoelegant single cell assays have been performed which tosignals is phytochrome, which after activation conveys clearly demonstrate a role for heterotrimeric G-proteins selective information to plant cells in the form of second in phytochrome signalling (Neuhaus et al., 1993; Bowler messengers, thereby dictating and regulating plant growth et al., 1994) . The Ga subunit acts either through a cGMP and development (Smith, 1970; Furuya, 1987; or calcium/calmodulin-dependent pathway in regulating 1991). In monocotyledonous plants, once a seed germinates, gene expression (Bowler et al., 1994) . its mesocotyl, coleoptile and the leaf enclosed by it elongate Changes in cytosolic calcium are known to influence the activation of a number of biochemical and physiologiuntil the tip breaks through the soil. This mesocotyl elonga-modifications. This solution, referred to as Solution A, concal processes (Johannes et al., 1991; Bush, 1993) and Wayne, 1985; Tretyn et al., 1991; Bowler et al., 1994) .
verapamil, lanthanum chloride, GTPcS, GDPbS, and activated
Recently it was reported that elevated calcium concentra-A-subunit of cholera toxin. All the chemicals used were of analytical grade and were purchased from Sigma Chemicals tion affects the spatial and temporal distribution of Co. (St Louis, Mo, USA) . For activation of cholera toxin, growth within the intercalary expanding region of salin-1 mg ml−1 of toxin in 50 mM HEPES (pH 8.0), 20 mM DTT, ized S. bicolor leaves (Bernstein et al., 1993) . In develop-1 mg ml−1 BSA, and 0.125% SDS was incubated at 30°C for mental responses, a role of brassinosteroids has also been 1 h. It was stored at −20°C for further use. All these treatments
shown ( Yokota, 1997) .
were given by placing the seedlings (root only) in specific solutions.
It has already been observed that leaf emergence and expansion in S. bicolor is a light-dependent process. There Measurement of response is no leaf formation in etiolated seedlings; however, a
The changes in the morphology of shoot tips were monitored saturating flash of red or white light causes leaves to after every 24 h beginning from the day of treatment up to day emerge from the coleoptiles and to expand. This effect of 5 after the treatment, as the etiolated seedlings can survive in red light was far-red reversible (Rajasekhar et al., 1981 for 10 min. They were washed thoroughly Besides this, percentage leaf formation was calculated as: in distilled water and treated with 0.1% (v/v) NaOCl for 10 min. Seeds were re-rinsed in distilled water and soaked for 12 h.
Percentage leaf formation= Seeds of uniform size were selected and germinated on two layers of wet germination paper rolls at 26±1°C in total No. of seedlings showing formation of the first leaf Total no. of seedlings in the set ×100 darkness. After 5 d, uniformly growing seedlings were selected and subjected to various chemical and light treatments.
For each set a minimum number of 20 seedlings was kept. Each Handling of plant material and other manipulations were done experiment was done in triplicate and repeated at least three under dim green safe light (1 mW cm−2). times and the average values were used for analysis. The readings were taken at intervals of 24 h. Since the response was Treatments found to be extremely sensitive to light and was also affected All treatments were given to 5 d etiolated seedlings of uniform by higher intensities of green light, precautions were taken to height and morphology growing in the presence of distilled perform the experiments in dim light. water alone. Any exception to this is mentioned specifically in For analysing the data the final stage of leaf formation the text. Experiments were performed at 26±1°C. attained in response to a particular treatment was considered. The number of seedlings (as a percentage) showing either stage Light treatment: The entire shoot portion of etiolated seedlings of leaf expansion have been compared and the remaining was irradiated once with light, for 5 min, and then kept in seedlings were in stage 1 (unopened leaf ), unless specified. continuous darkness. The red light (l max 650 nm, 500 mW cm−2) and far-red light (l max 750 nm, 140 mW cm−2) were obtained by filtering the light from four 100 W tungsten lamps through CBS filters (Carolina Biological Supply Co., USA) and white light Results and discussion Light-dependent response of light sources were those according to Sharma and Sopory (1984) .
Earlier studies have indicated that light does not affect processes ( Thompson and Miller, 1961) . These responses are controlled by phytochrome and could be mediated by a high fluence light exposure. S. bicolor is a typical representative of monocotyledonous plants, as the shoot tips of etiolated seedlings remain closed and continue to elongate even after 10-11 d of growth in the absence of light and nutrients. However, in etiolated Sorghum seedlings, leaves are formed only when the seedlings are transferred to light at a later stage of development. Even a short saturating pulse of light is capable of producing etiolated leaves in seedlings growing in continuous darkness (Rajasekhar et al., 1981) . There are exceptions to this phenomenon, as in maize where fully opened etiolated leaves are produced when seeds are germinated under continuous darkness. This shows that the photosignal is essential for primary leaf formation in Sorghum seedlings. In the present study it was observed that 100% leaf formation (stage 4) occurred when 5 d etiolated seedlings were irradiated with a 5 min pulse of white light ( WL) form of photoreceptor and the next component of signal and 75% leaf formation (stage 4) was obtained with 5 min chain in transducing the photosignal. To understand red light (RL) irradiation followed by a continuous dark the nature of photosignal(s) involved in phytochromeperiod. This RL effect was far-red reversible and plants mediated leaf opening all further experiments were done that received 5 min far-red light (FRL) did not show leaf using intact 5 d seedlings. This was done to observe any emergence and morphologically resembled the dark conenhancement in the response to other treatment. In an trols. These results clearly indicate, as was also seen attempt to identify the signalling components, the role of earlier (Rajasekhar et al., 1981) , that leaf formation in known second messengers in primary leaf formation Sorghum is phytochrome-regulated.
was studied. To check if sensitivity to the photosignal varied with the age of the plants 5 min RL irradiation was given to Involvement of G-proteins plants of different age groups. In 5-8 d etiolated seedlings leaf emergence started within 1 h of RL irradiation Several genetic and biochemical approaches have identified guanine-nucleotide-binding proteins (G-proteins) as ( Fig. 1) . However, when RL was given to 3 d or 4 d seedlings the leaf emergence was not observed till the the first downstream components on the phytochrome signalling machinery (Romero et al., 1991a, b ; Romero seedlings were 5-d-old ( Fig. 1) . Nevertheless, the emerged leaves attained stage 4 ( leaf expansion) in all the cases.
and Lam, 1993) . The presence of G-proteins in S. bicolor has also been demonstrated (Ricart et al., 1993) . To Although, the seedlings exhibited a morphological uniform growth, the quantitative response was partially agefollow the light signalling pathway in primary leaf formation the effect of agonists (cholera toxin and GTPcS) and dependent. All the seedlings became receptive to RL irradiation at 6 d, but with a further increase in age a antagonist (GDPbS) of G-proteins was checked. It was seen that treatment of 5 d seedlings with 0.2 mM slight decline in photosensitivity was observed. The reason for this age effect is not yet clear, however, it could be of A-subunit of cholera toxin (a known Ga activator) followed by a 5 min RL irradiation resulted in stage 4 that the content and form of phytochrome may be changing with the development state as was noted in the leaf formation (expansion) in all the seedlings ( Fig. 2A) . This response was similar to that obtained after 5 min case of wheat leaves (Sharma, 1994) . It may be noted that the difference in percentage response was not due to WL irradiation. It seems that cholera toxin increased the responsiveness of the 25% seedlings to RL irradiation, any methodological error in giving the light treatments as, in all the cases, treatments were given in a similar that otherwise did not respond to RL, but were sensitive to WL. A similar response was attained on supplying manner and the response obtained were repeatable.
The completion of the light-induced response in a short 0.2 mM GTPcS (a non-hydrolysable GTP analogue that binds to and maintains G-proteins in an active form) to time requires the efficient coupling between the active (stage 4) decreased and the leaf formation was arrested at stage 2 (emergence). However, when seedlings treated with 420 mM GDPbS (which showed maximum inhibition) were exogenously supplied with calcium (4 mM ) leaf emergence was observed in 55% seedlings (Fig. 2B ) and the emerged leaves attained stage 4 (expansion). Although, the percentage response obtained was less compared to that seen after light irradiation, calcium could override GDPbS inhibition to initiate leaf emergence and expansion in the absence of light.
Thus the G-protein inhibitor did not affect the calciuminduced response, though it blocked RL mediated leaf expansion. This suggests that calcium either acts downstream in the G-protein mediated pathway or could override GDPbS inhibition by acting through an independent pathway. The former is a likely possibility as it has been shown that phytochrome utilizes calcium downstream to G-proteins as a signalling molecule (Bossen et al., 1990; Neuhaus et al., 1993; Bowler et al., 1994) .
In this study, the application of GTPcS could not induce leaf emergence and expansion in absence of light. It may be pointed out that experiments by other groups (Neuhaus et al., 1993) were conducted on single cell systems and they generally employed high concentrations of GTPcS. The reason for ineffectiveness of GTPcS in dark-grown seedlings is not clear, however, it could be due to the insufficient uptake of the compound. Nevertheless, the role of G-proteins in primary leaf formation in the present study is consistent with observations of Borochov et al. (1995) . They reported that a single spray treatment to Pharbitis nil cotyledons with GTPcS prior to the marginally inductive dark period, enhanced tion ( Friedman et al., 1989) has also been shown. To check the role of calcium ions in the G-protein-mediated phytochrome response in the present study the effect of the seedlings ( Fig. 2A) . However, treatment with cholera exogenous calcium on leaf formation was studied. The toxin or GTPcS alone could not induce leaf formation calcium ions were supplied by transferring seedlings in to without light. calcium chloride solution. It was further observed that GDPbS (a nonCalcium ions were supplied in the range of 1-50 mM. hydrolysable GTP analogue that binds to and blocks the The effective range of calcium ions was found to be activation of G-protein) inhibited RL-induced leaf formabetween 3 mM and 5 mM calcium (Fig. 3) in which the tion. There was no significant effect on the number of leaves emerged from the coleoptile sheath and expanded seedlings showing leaf emergence, but further expansion to stage 4. The optimum response (58%) was obtained of some of the emerged leaves was blocked (Fig. 2B) .
with 4 mM calcium. At lower or higher concentrations of With an increase in the concentration of the inhibitor the number of emerged leaves reaching the stage of expansion calcium leaves emerged from the coleoptile, but did not swelling of protoplasts obtained from etiolated and preirradiated maize leaves and suggested that phytochromestimulated swelling of protoplasts is correlated with the leaf unrolling response and not with leaf expansion. Both these events are under phytochrome control and have calcium ions as an essential requirement. The unrolling was measured in terms of the increase in diameter of the leaf sections. However, in the present study, the effect of calcium in leaf emergence and the degree of expansion or unrolling was studied in intact 5 d seedlings.
As stated earlier, the leaf formation was blocked by FRL irradiation. In the presence of exogenously added calcium, leaf formation proceeded even in FRL-irradiated plants. These results further strengthen the possibility that calcium acts as a messenger in this photo-regulated process. However, in this case, 50 mM calcium was required for complete leaf expansion as compared to unirradiated dark-grown plants, where an optimum response was obtained at 4 mM calcium. Also, the percentage of plants showing leaf formation in FRL and state compared to unirradiated dark-grown plants.
When the time-course of leaf formation under light and calcium treatment was compared it was seen that in expand completely and attained only stage 3 (expansion). Moreover, at all the concentrations there was not much the case of light irradiation the leaf formation was faster ( Fig. 4) . The leaves started emerging from the coleoptile change in the percentage response obtained or the overall growth of the seedlings ( Fig. 3) . Also, in the case of within 1 h of receiving the light and complete expansion (stage 4) was observed 48 h after the irradiation. However, calcium ion treatment a uniformity in response was observed. The leaves either did not emerge from the with calcium the response was slower. The leaves started coleoptile sheath or, if they did, they exhibited the same stage of leaf expansion. This suggested that although calcium ions over a broad concentration range were capable of initiating leaf emergence and partial expansion in the absence of light, ion concentration within a specific and narrow window was also required for eliciting complete leaf expansion.
Since, seedlings treated with 4 mM calcium produced an optimum response in 5 d seedlings, the effect of calcium at the same concentration was also studied on 6 d seedlings. In an earlier experiment it was found that by day 6 all the seedlings become sensitive to RL irradiation. However, on supplying calcium, leaf formation was observed in 63% seedlings which was almost similar to that seen in 5 d seedlings. Although, in both cases, leaves attained stage 4 (expansion), their percentage was lower compared to that obtained on RL irradiation (data not included ).
Nevertheless, the above results indicate that an exogen- emerging 24 h after the treatment and they expanded gradually reaching stage 4 by 96 h, after the treatment. Compared to light-irradiated seedlings there was a 24 h shift in response with calcium treatment given to unirradiated plants. This delay could be partly due to the time taken for the uptake of calcium to the 'target cells' responsible for leaf emergence. The light effect is immediate as it could probably directly regulate the ionic concentrations in these cells by regulating the second messengers. However, even at the optimum calcium concentration the percentage of leaf formation never reached the RL-induced level and the effect was delayed. This suggested that some other components were also triggered by phytochrome, besides affecting calcium homeostasis, that lead to leaf formation.
Effect of inhibitors
To confirm the involvement of calcium, the leaf formation response was studied in the presence of calcium chelators, EGTA and BAPTA and calcium channel blockers, LaCl 3 and verapamil. There are several reports on the effect of these inhibitors to prevent many phytochrome-induced and calcium-dependent processes including protoplast swelling (Bossen et al., 1988; Takagi and Nagai, 1988) , channels in plant cells (Andrejauskas et al., 1985;  concentration to 5 mM, leaves emerged in response to RL in only 40% of seedlings. Although emergence and elongation were observed there was no expansion. A grown seedlings it did not affect growth and the treated similar effect was observed on treating the seedlings with seedlings resembled the dark controls. However, although 5 mM BAPTA before RL irradiation ( Fig. 5A) . It also in the presence of lanthanum there was no significant inhibited the response obtained with exogenous calcium effect on the percentage of plants responding to RL ( Fig. 5B) . Unirradiated seedlings growing in the presence irradiation (Fig. 5A) , the emerged leaves could not even of EGTA or BAPTA resembled the dark controls and reach stage 3 ( leaf expansion). Lanthanum pre-treatment did not exhibit any leaf emergence ( Fig. 5A) . Moreover also blocked the response induced by calcium (4 mM ) the inhibitory effect increased when the incubation period with only 10-15% seedlings showing leaf emergence (stage was increased from 24 h to 48 h (data not included ).
2) (Fig. 5B ). Seedlings treated with 10 mg ml−1 verapamil, Lanthanum chloride, a calcium channel blocker, when before calcium, showed only 7.0% leaf emergence (stage tested at different concentrations also arrested the expan-2), and the leaves did not expand ( Fig. 5B) . sion of the emerging leaves, both in plants irradiated with Although the inhibitors tested could have some indirect 5 min of RL (Fig. 5A ) and in dark-grown plants treated
effect, yet all of these have been implicated in altering calcium availability and homeostasis. These results therewith 4 mM calcium (Fig. 5B) . When given alone to dark-fore strongly indicate that calcium ions and/or channels play an important role in light-mediated leaf expansion.
Effect of other ions
It was noted from earlier experiments (Fig. 3 ) that supplementing calcium ions alone could not totally replace the light requirement for leaf formation in all the etiolated seedlings. There are previous reports indicating the involvement of other ions like K+, Mg2+ or NH+ 4 in photoresponses ( Kendrick and Bossen, 1987) . It has been shown that phytochrome-controlled swelling of cereal protoplasts was stimulated in an iso-osmotic modified MS nutrient solution ( Kim et al., 1986; Chung et al., 1988) . Hence, the role of other ions was also investigated in the present system.
It was observed that when 5 d seedlings were transferred to Solution A (a complex salt solution containing different ions, see Materials and methods) around 80% seedlings produced fully expanded leaves (stage 4), while the remainder did not show leaf emergence. This percentage response was comparable to that obtained in RL controls ( Fig. 6A) , however, it was still less than WL-irradiated seedlings. Nevertheless, it was greater than that obtained with calcium alone. This suggested that some other ions besides calcium also have a role in leaf formation. When the time-course ( Fig. 4 ) of leaf formation under Solution A was followed it was seen that, as with calcium, there was also a 24 h delay in leaf emergence and hence expansion.
To check which other ion is important, each ion was deleted from the complex Solution A and the effect of its of KH 2 PO 4 (1.2 mM ) leaves were arrested at stage 3 (Fig. 6A ). In the absence of both Ca2+ and and the leaves did not expand ( Fig. 6B) . In seedlings grown in the presence of K+ alone, leaves were formed in 50% seedlings, but they expanded to stage These results correspond with the observation of 3 only. Any further increase in the concentration of K+ Shinkle and Briggs (1985) who indicated a relationship did not affect the percentage and stage of leaf formation.
between RL irradiation, external pH and K+ in the case As mentioned earlier, in the presence of 4 mM calcium of elongation of subapical oat coleoptiles. Similarly, both alone, 58% response was seen (Fig. 6B ) while both Ca2+ calcium and potassium ions were found to be involved in and K+ together resulted in around 62% response maintaining ionic changes in mesophyll protoplasts from ( Fig. 6B) . In both these cases stage 4 (expansion) was primary leaves of dark-grown wheat on RL treatments obtained. This suggested that the presence of K+ is also (Blakeley et al., 1983) . K+ fluxes are also involved in controlling the light-mediated movements in guard cells important.
of stomatal and in pulvinar cells of leguminous leaves processes. Exogenously supplied calcium ions could also result in a similar response by increasing intracellular (Satter and Galston, 1981) . Indirect evidence is also provided by the presence of G-protein and calciumcalcium concentrations. Likewise it was seen that the presence of the inhibitors did not have any considerable regulated K+ channels in plants, especially in the mesophyll cells (Grenot and Assmann, 1991; Spalding et al., effect on the RL-or calcium-induced leaf emergence although they arrested the further expansion of the 1992).
It was observed that Mg2+ could not replace calcium emerged leaves. This implies that either the inhibitor concentrations used are not sufficient to block the in inducing primary leaf formation. Seedlings, when grown in the presence of Mg2+ alone, resembled the response or there is an alternate pathway for entry of calcium ions in these cells. Since potassium ions also play dark-grown plants and its removal from Solution A did not have much effect on the response. In the presence of an important role, it is suggested that potassium ions are acting either through the calcium-dependent pathway or Mg2+, a decline in the calcium-induced response was observed ( Fig. 6B) .
are regulated by G-proteins directly. The present data suggest that besides calcium, potassium ions are also involved in the process of leaf formation. The mechanism by which these ions mediate the tion response, calcium ions seem to play a more important Bowler C, Neuhaus G, Yamagata H, Chua N-H. 1994. Cyclic role. In the presence of exogenously added calcium (3 mM GMP and calcium mediate phytochrome phototransduction.
to 5 mM ) complete leaf expansion was achieved but Cell 77, [73] [74] [75] [76] [77] [78] [79] [80] [81] without calcium leaf expansion gets totally arrested. This of reactions that lead to activation of the leaf formation
